The mechanical properties of special engineering plastic have been intensively studied in recent years.
Introduction
The versatility of polymers has allowed them to be used extensively under extreme conditions, as various components in explosives, aerospace, submarine and heavy machinery, where the polymers witness high strain rates, high pressure, and even high temperature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Therefore, the deep knowledge of their mechanical properties under extreme conditions is essential for design and development of polymer components. Up to now, several approaches have been explored to achieve this goal. Takamatsu and coworkers obtained polyimide Hugoniot data up to 0.6 TPa with good accuracy. The laser-driven equation-ofstate (EOS) experiments were performed with emission measurements from the rear sides of a shocked target at a high laser intensity with 2.5 ns duration. 1 The dynamical behavior of polyimide was also investigated in detail using a yer driven by chemical explosion. The plots of pressure vs. volume behind shock waves were measured in the pressure range of 0-56 GPa. 2 Moreover, various theoretical models have also been applied for the evaluation of extensive EOS data of pure polymers, polymersolvent and polymer blends.
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Recently, some polymer samples, such as polyolens, polysiloxanes, and polyimide, have been investigated by high pressure Brillouin scattering spectroscopy technique, [3] [4] [5] [6] [7] [8] [9] [10] [11] which is a nondestructive method to provide insight into the elastic and bulk mechanical properties of optically transparent materials by measuring their acoustic velocities. The diamond anvil cell (DAC) supplies the high pressure condition. The elastic properties and mechanical moduli of these polymers under high pressure were determined accurately, which provided an effective theoretical direction for their utility under extreme condition. Contrast to the previous approaches, high pressure Brillouin scattering spectroscopy method was considered as the optimal approach, due to its accuracy, effectiveness and safety.
Poly(ether ether ketone) (PEEK), as one of the most used special engineering plastic, has attracted special attention due to its high stability, excellent mechanical strength, good radiation-resistant. [18] [19] [20] These characteristics make PEEK an excellent candidate material for specic applications under extreme conditions. To the best of our current knowledge, there is no research on the determination of mechanical properties of PEEK under high pressure, much less the simultaneous high temperature. Herein, the isothermal compressibility and pressure dependence of mechanical moduli were determined for the aromatic PEEK through high temperature high pressure Brillouin scattering upto 520 K and 13.9 GPa.
Experimental
PEEK APTIV 2000 series lm with thickness of 50 mm (VICTREX, T g : 143 C, r: 1.26 g cm À3 , the structure of PEEK was shown in the Fig. 1 ) is used as the research object enclosed in a symmetric DAC with a large conical opening aperture. The culet size of diamond anvils is 400 mm in diameter. Silicon oil was utilized as the pressure transmission medium in DAC to minimize the pressure gradient. [21] [22] [23] A small annealed ruby chip was loaded into the chamber for the pressure calibration. Brillouin scattering experiments were performed in symmetric platelet scattering geometry. The DAC places to bisect this scattering angle such that the difference vector, i.e., the acoustic phonon wave vector, is in the plane of the sample. A single-frequency 532 nm laser was used as Brillouin excitation source. The Brillouin spectra were collected by 3 + 3 pass tandem Fabry Perot interferometer designed by Sandercock. 24, 25 Ruby uorescence was recorded through Raman spectroscopy system using Acton SpectraPro 500i spectrometer with a liquid nitrogen-cooled CCD detector (Princeton Instruments). An electrical resistance heater was set around the gasket clipped between diamond anvils, a thermal couple was xed on one side of diamond about 500 mm away from the sample chamber for temperature calibration. The temperature was controlled by a feedback power holding a uctuation within 1 K.
Results and discussion
In this study, Brillouin scattering technology was applied on the PEEK lms in symmetric platelet geometry. The Brillouin shi (Dn) was converted to sound velocity (v) using the relative equation:
here, l 0 is the incident laser wavelength, and q is the scattering angle. In this experiment, q is x at 60 , which is benet for velocity measurements from the frequency shi under in situ high pressure high temperature conditions due to the unnecessary of refractive index data.
24
Brillouin spectra of PEEK lm under high pressures at 300 K were shown in Fig. 2 . Both longitudinal (V L ) and transverse (V T ) sound velocities were clearly observed at high pressures, but their intensity decreased remarkably with increasing pressure. Finally, the shear modes disappear at 13.9 GPa. In addition, a pair of back scattering signals (V 180 ) can be detected below 0.4 GPa. However, they would gradually outow the spectral range of 20 GHz with increasing of the applied pressure. To conrm the isotropy of the PEEK lm, the direction dependence of acoustic velocities for PEEK lm has been checked under 0, 0.4 and 6.1 GPa at 300 K, then the resulting velocity variations are presented in Fig. 3a . Obviously, the enclosed PEEK lm exhibits highly isotropic at various conditions. Although some little uctuations with angle rotation were observed at elevated pressure, they all fall within the range of the maximum error of the peak position. Furthermore, X-ray diffraction (XRD) measurement on PEEK lm was also performed under ambient pressure at 300 K. A typical broad peak was obtained and presented in Fig. 3b , which is the characteristic of amorphous material. Therefore, in our measurement of Brillouin spectra for PEEK lm, the velocity is collected at only one direction at elevated temperatures and pressures.
Next, we measured the temperature dependence of velocity of PEEK lm under ambient pressure, as shown in Fig. 4 . The soen of sound velocity for the PEEK lm is observed, the longitudinal velocity decreases about 30% from 300 K to 500 K, meanwhile the transverse velocity decreases 15%. While a little pressure less than 0.1 GPa is applied on the sample, the velocity soen phenomenon derived from high temperature is suppressed (Fig. 4) , which indicated that the soen phenomenon would be ignored aer the application of pressure. Due to the increase of full width at half maximum with temperature changing, we draw out the scope of the maximum error of the peak position to describe its trend of changes with temperature.
The pressure dependence of velocity along several isothermals, including 300, 380, 430, 480 and 520 K, are presented in Fig. 5 . We observed that acoustic velocities of sample increase smoothly with increasing pressure at a constant temperature. However, they decrease slightly with increasing temperature at a constant pressure. Furthermore, the shear velocity is lost near 13.9 GPa at 300 K, while they are lost at relative lower pressure at high temperatures, such as losing around 9.5 GPa at 520 K.
Based on the measured velocities, the bulk sound velocity V b was calculated according to following equation:
As shown in the Fig. 5 , the resultant bulk velocity increases remarkably with the elevated pressure. But slight decreases of the bulk velocity was observed with increasing temperature. Then the densities were derived from the bulk sound velocity through numerical integration of eqn (3) Fig. 2 Selected Brillouin spectra of PEEK film in platelet scattering geometry at 300 K. The center R is due to inelastic Rayleigh scattering. V 180 is the backscattering signal. 
where r represents the density at a given pressure, r 0 is the density at ambient pressure, and g is the ratio of isobaric and isochoric specic heats. As g is known to vary between 1 and 1.2 for polymers, the ratio rapidly approaches 1 at higher pressures and independent of pressure. 10,26-28 So, g is taken to be approximately 1 in this research.
The isothermal variation of density with pressure is presented in Fig. 6 . As expected, the isothermal density of PEEK lm increases obviously with the elevated pressures. However, the slope of isothermal density also increases with the elevated temperature, which indicated that the enclosed PEEK lm exhibits a higher density at a higher temperature under the constant high pressure.
Usually, there are different physical models to give universal relations between the pressure, volume, temperature and other parameters. Here, we tried tting four different types of equation-of-state (EOS) forms, including third order BirchMurnaghan, Vinet, Tait and an empirical EOS form developed by Sun et al., these forms are given as follows:
here, v/v 0 is the volumetric ratio at pressure p. For Tait EOS form (eqn (6)), the B and C are empirical parameters, and the ratio of these parameters B/C is equal to the isothermal bulk modulus at ambient pressure K 0 . For the Sun et al. EOS form, the parameters n ¼ 6.14 and m ¼ 1.16 are used. Both Tait and Sun EOS forms allow for determination for K 0 only. The results of the EOS ttings are listed in Table 1 . All the EOS ttings give similar curves going through the experimental data except that of Sun EOS, which displays a little bit shallower t to the isotherms in ve isotherms. It is found that the Tait EOS tting gives best results and is illustrated in the pressuredensity plot in Fig. 6 . Aer analyzing of the isotherm determined from Brillouin scattering, we found that the K 0 and K From the EOS of PEEK lm, we found that the PEEK lm exhibits a higher density at higher temperature under a constant pressure, which is a typical negative thermal expansion phenomenon. This abnormal phenomenon would be explained by virtue of free volume theory. Usually, the PEEK lm possesses plenty of free volume because of its conventional forming conditions (t $ T g ; around ambient pressure). Under normal conditions, high temperature will supply more energy to the polymer chains for movement and achievement of more physical conformations, resulting a decreasing density. However, under the ultrahigh pressures, moveable polymer chains, soen by the high temperature, tend to gather and consume partial free volume. As a result, higher temperature brings about higher density of PEEK lms under high pressures. This process seemed like the annealing technology in the polymer engineering, usually resulting in the drastic crystallization change. The study of crystallization change for PEEK lm under extreme condition is currently undergoing in our lab, and will be presented in the future report.
With the densities calculated above, an analysis of elastic properties and individual elastic constants as a function of applied pressure were accomplished. The elasticity of isotropic materials is fully described by the elastic constants. The elastic moduli for all pressure and temperature, including C 11 , C 12 and C 44 , were calculated by the following equations. Table 1 Isothermal bulk modulus K 0 and its pressure derivative K 0 0 determined for sample using various EOS forms for five isotherms 
As shown in Fig. 7a , the isothermal elastic constant increases dramatically under applied pressure. However, the elastic constants reveal little change with temperature variation under the same pressure. Contrast with C 44 , C 11 and C 12 of elastic constants are more sensitive to the pressure. Furthermore, these elastic constants allow us to calculate adiabatic bulk modulus (K s ), shear modulus (G), and Young's modulus (E), and Poisson's ratios (s) as a function of pressure according to the following equations:
All the calculated modulus at high pressure high temperature are presented in Fig. 7b . The moduli were found to dramatically increase for PEEK lm under applied pressure but little change with the elevated temperatures. The bulk modulus revealed more sensitive to the pressure than the shear and Young's modulus. The enclosed PEEK lm showed good bulk modulus about 35 GPa at the pressure of 5 GPa and 55 GPa at pressure of 10 GPa, which indicated that the PEEK lm possessed good compressibility. Furthermore, the slope of K s is approximately twice of the slope of E and approximately sixfold of the slope of G. However, the other enclosed polymers (such as poly(chlorotriuoroethylene-co-vinylidene uoride), The ratios of bulk modulus to shear modulus (K/G) as function of pressure are calculated and shown in Fig. 8 , which was used to estimate the brittle and ductile behavior of materials. 29 Usually, a high K/G ratio means good ductility of the material, whereas a low value corresponds to the brittle essence. The critical value is considered about 1.75. [30] [31] [32] As shown in Fig. 8a , the value of K/G at ve isotherms is much higher than 1.75, which means that the PEEK lm is of ductile essence. Furthermore, the value of K/G increases remarkably with applied pressure increasing from 0 to 8 GPa, which indicates that pressure would improve the ductility of PEEK lm. However, the values of K/G begin to decrease when the applied pressure exceeds 8 GPa, which indicates that excess pressure would damage the ductility of PEEK lm.
Poisson's ratios is the ratio of the relative contraction strain (or transverse strain) normal to the applied load, which is an important parameter for the mechanical characteristics of materials. As shown in the Fig. 8b , the Poisson's ratios of the PEEK lm under high temperature high pressure are disclosed from 0.25 to 0.5, which is the characteristic for the polymer materials. [33] [34] [35] The larger Poisson ratio between 0.404 and 0.436 signies the better ductile of the PEEK lm. When the values of K/G are much higher than 1, as well as Poisson's ratios approach 0.5, the materials are considered extremely incompressible. The Poisson's ratios for the PEEK lm appear to increase with the increase of pressure and reach to the maximum 0.43 at about 8 GPa. Aer that, the Poisson's ratios decrease obviously from 8 GPa to 13.9 GPa. Almost all of PEEK lms on various isotherms reveal similar regularity. Moreover, the Poisson's ratios increase dramatically with the enhancing temperatures.
Conclusions
In conclusion, we have studied acoustic and elastic properties variation of PEEK lm under high temperature high pressure by virtue of Brillouin scattering spectrum coupled with electrical resistance heating technique and diamond anvil cell device. The sound velocities, the elastic constants, bulk, shear, and Young's moduli, Poisson's ratios, density and their respective pressure dependencies were all disclosed and studied in detail. Free volume theory was also utilized to explain a negative thermal expansion phenomenon of PEEK lm under high temperature high pressure. Our demonstrated system is expected to enrich the mechanical measurements of special engineering plastics and facilitates their practical applications under extreme conditions.
